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doi:10.1016/j.jds.2010.11.003Abstract Background/purpose: The potential erosive effects of acidic foods, sour fruits,
and drinks on enamel have been extensively investigated. However, their effects on
fluorapatiteeleucite porcelain restorations have not been widely examined. The purpose
of this study was to evaluate the ion leaching and surface roughness of porcelain immersed
in acidic agents.
Materials and methods: One-hundred and forty-five discs (12.0 mm in diameter and 2.0 mm
thick) were made from fluorapatiteeleucite porcelain (IPS d.SIGN). Baseline data of the
elemental compositions of all storage agents and the surface roughness of specimens were
recorded. Four groups of discs were then immersed in acidic agents (citrate buffer solution,
pineapple juice, and green mango juice) and deionized water (the control) at 37C for 168 h.
One group was immersed in 4% acetic acid at 80C for 168 h. After immersion, the ion leaching
from solutions of all specimens for each acidic agent was measured by inductively coupled
plasma optical emission spectroscopy. The surface roughness was evaluated under a profil-
ometer. Surface characteristics of specimens were examined under a scanning electron
microscopy (SEM). Data were analyzed using one-way repeated analysis of variance (ANOVA)
and Tukey’s multiple comparisons (aZ 0.05).
Results: Fluorapatiteeleucite porcelain discs exhibited significant leaching of various ions to
varying degrees and increased in roughness after being immersed in acidic agents (P< 0.05).
SEM photomicrographs also indicated destruction of the surface of the porcelain discs.of Conservative Dentistry, Faculty of Dentistry, Prince of Songkla University, 15 Kanchanavanich,
l.: þ66 74287703; fax þ66 74429877.
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190 B. Kukiattrakoon et al.Conclusion: Acidic agents used in this study affected the elemental dissolution of fluorapati-
teeleucite porcelain discs. This should be considered when restoring affected teeth with
fluorapatiteeleucite porcelain.
Copyright ª 2010, Association for Dental Sciences of the Republic of China. Published by
Elsevier Taiwan LLC. All rights reserved.Introduction
There are presently various types and systems of dental
porcelain available. Different types of porcelain possess
different microstructures, chemical compositions, and
properties. The chemical durability of dental porcelains
may be influenced by many factors, such as the composi-
tion, microstructure, and chemical character of the
porcelain materials, or by the environment and exposure
conditions.1 Dental porcelains degrade when they are
exposed to aqueous solutions or erosive agents.2e8 This
occurs as a result of selective leaching of alkaline ions,5e7
because those ions are far less stable in the glass phase
than in the crystalline phase of porcelains.2
In general, the possible toxic effects and allergenic
potency of leached ions from dental porcelains are
considered to be extremely low.1,2,5 However, their effects
should be taken into account due to unexpectedly higher
release rates under unusual conditions. Of greater concern
is the accidental ingestion of porcelain fragments from
fractured inlays, onlays, and crowns. These leached ions,
including their recommended daily allowances,9 minimal
risk levels,10 and health effects,2,9,10 are listed in Table 1.
Porcelain degradation results in coarseness of the
exposed surface,7,14 activation of plaque accumu-
lation,2,5e7,14 wear to the antagonist teeth or restorative
materials, and changes in the color of dental porcelain
which affect the esthetic appearance of porcelain resto-
rations.2,7 Furthermore, any increase in the surface
roughness of porcelain materials decreases their flexural
strength.15,16
IPS d.SIGN (Ivoclar Vivadent AG, Schaan, Liechtenstein),
a fluorapatiteeleucite porcelain used for the veneer of
porcelain-fused-to-metal restorations, has recently
become popular. IPS d.SIGN is a new type of feldspathic-
based porcelain with 2 types of crystals in a feldspathic
glassy matrix: fluorapatite (Ca10(PO4)6F2) and leucite crys-
tals (K2O Al2O3 4SiO2).
17 Fluorapatite crystals have a nee-
dle-like morphology, are 2e5 mm long and 0.3 mm in
diameter, and are known to be included in natural bone and
teeth. In dental microstructures, these very small crystals
produce very special optical properties such as trans-
lucence and opalescence, which are also similar to the
properties of fluorapatiteeleucite porcelain restorations.18
Leucite crystals have a flower-like morphology with
a diameter of <3 mm, and also contribute to the overall
strength of restorations.19 A large mismatch in the coeffi-
cients of thermal expansion between leucite at (22e25)
106/C and the glass matrix at 8 10‾6/C, including the
displacive phase transformation of leucite from the cubic to
the tetragonal, causes the development of tangential
compressive stresses in the glass matrix around leucite
crystals upon cooling.20e22 These residual stresses may
obstruct the crack-driving force, and act as crackdeflectors, resulting in improved strength or increased
hardness23 of this type of porcelain.
People who are at risk of erosive conditions from
intrinsic factors (diseases such as gastrointestinal reflux,
anorexia, and bulimia nervosa) or extrinsic factors (acidic
foods, sour fruits, and drinks) can experience dental
erosion.24,25 The potential erosive effects of these acids on
enamel occurs primarily by the dissolution of apatite crys-
tals.25,26 However, the effects of these acids, especially
acidic foods, sour fruits, and drinks, on fluo-
rapatiteeleucite porcelain restorations have not been
comprehensively reported. Therefore, the purpose of this
in vitro study was to evaluate surface ion leaching and
surface characteristic changes of fluorapatiteeleucite
porcelain discs upon immersion in acidic agents (citrate
buffer solution, green mango juice, pineapple juice, and 4%
acetic acid). The null hypothesis of this study was that
there were no differences in the ion leaching or surface
changes of fluorapatiteeleucite porcelain discs, after being
immersed in the evaluated acidic agents.
Materials and methods
One hundred and forty-five disc-shaped (12.0 mm in
diameter and 2.0 mm thick) specimens were fabricated
from fluorapatiteeleucite porcelain (IPS d.SIGN, Table 2).
Briefly, the porcelain powder was mixed with deionized
water using a powder/liquid ratio of 1.4 g/0.5 mL
according to the manufacturer’s instructions. The mixed
powder was then condensed into a silicone mold (Provil,
Heraeus Kulzer, Wehrheim, Germany) and fired according
to the manufacturer’s instructions (Table 2). Subse-
quently, the specimens were polished (model Phoenix
4000, Buehler, Du¨sseldorf, Germany) under running water
at 150 rotations/min using 600- and 1200-grit silicon
carbide paper (3M ESPE, St. Paul, MN, USA) for 5 min each.
The plate size used was 250 mm. Then, the specimens
were ultrasonically (model PC3, L&R Manufacturing,
Kearny, NJ, USA) cleaned in distilled water for 10 min.
Finally, specimens were subjected to glazing (Tru-Fire
VPF, Jelenko, Armonk, NY, USA) according to the manu-
facturer’s instructions (Table 3).
Immersion in storage agents and surface ion-
leaching measurements
Fifty porcelain discs were divided into 5 groups (nZ 10).
Specimens were then subjected to immersion in 1 of 5
storage agents (Table 2). Deionized water served as
a control. The pH values of all storage agents except
deionized water were determined using a pH meter (model
520A, Orion Research, Boston, MA, USA). For each agent,
there were 10 polyethylene bottles, each containing 1
porcelain disc and 20 mL of the agent, which was sealed
Table 1 Elemental recommended daily allowances (mg), minimal risk levels, and health effects.
Element Recommended daily
allowance (mg)9
Minimal risk
level2,10
Health effects2,9,10
Aluminum 50e1000 (amounts
consumed through the use
of aluminum-containing
antacids)a,11
1.0 mg/kg/da Some controversial evidence exists to suggest that
aluminum may be involved in the pathogenesis of
Alzheimer’s disease.11,12
Barium NA 0.2 mg/kg/d Higher doses of barium affect the nervous system,
causing cardiac irregularities, tremors, weakness,
anxiety, dyspnea, and paralysis.
Boron 3e9 0.2 mg/kg/d Toxic effects include a red rash with weeping skin,
vomiting, diarrhea characterized by a bluish-green
color, depressed blood circulation, coma,
and convulsions.
Calcium 1000 NA Calcium oxide in pulverized form can mechanically
damage lungs and promote lung disease emergence.
Chromium 0.05e0.12 0.3 mg/m3 Chromium may cause skin rashes, ulcers, respiratory
problems, weakened immune systems, kidney and
liver damage, alteration of genetic material,
and lung cancer.
Fluorine 2.5e4 0.4 mg/kg/d Acute toxicity results in death. Chronic toxicity, i.e.,
fluorosis, affects bone, kidney function, and possibly
muscle and nerve function.
Lithium 600e2100 (doses used
to prevent manic and
depressive episodes
in patients with
bipolar disorder)13
2 mmol/L of plasma
concentrations
Side effects such as tremors, diarrhea, urinary
frequency, weight gain, and a metallic taste were
reported.13
Magnesium 350 NA Only very high does in the presence of kidney
failure will produce symptoms of toxicity.
Manganese 2.5e5 0.0003 mg/m3 The effects of manganese mainly occur in the
respiratory tract and brain. Symptoms of
manganese poisoning are hallucinations, forgetfulness,
and nerve damage. Manganese can also
cause Parkinson’s, lung embolism, and bronchitis. When
men are exposed to manganese for a long period of
time, they may become impotent.
Phosphorus,
white
1000e1200
(phosphate form)
0.2 mg/kg/d
(phosphorus, white)
Excessive doses may cause stomach problems in
sensitive individuals, kidney damage,
and osteoporosis.
Potassium 3500 NA The potassium ion itself is not toxic, although
the anions of some salts are toxic. The risk of
toxicity from oxides is nil.
Silicon NA 3160 mg/kg (LD50
(oral))
Silicon is nontoxic as an element and in all its natural
forms, namely silica and silicates, which are the most
abundant. Silicon may cause chronic respiratory
effects. Crystalline silica (silicon dioxide) is
a potent respiratory hazard.
Sodium 2400 NA Sodium is nontoxic except that its associated anion
may be toxic. Forms included in porcelains are
considered to be harmless.
Titanium
tetrachloride
NA 0.01 mg/m3 Titanium metal and salts are relatively nontoxic
except for titanic acid.
Yttrium NA 1.0 mg/m3 In experiments on animals, yttrium and its compounds
caused lung and liver damage, although the toxicity
varies with different yttrium compounds. Exposure
to yttrium compounds in humans may cause lung disease.
Zinc 8e11 0.3 mg/kg/d Doses >25 mg may cause anemia and copper deficiency.
a Non-corresponding data; NA, no information available; LD50, single dose of a substance that causes the death of 50% of an animal
population from exposure to the substance by any route other than inhalation.
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Table 2 Porcelain and acidic agents used and their pH (standard deviation (SD)) in this study.
Porcelain and
acidic agent
Type and form Composition Lot number Manufacturer
IPS d.SIGN Fluorapatiteeleucite
porcelain
(in wt%) SiO2 50e65,
Al2O3 8e20, Na2O 4e12,
K2O 7e13, CaO 0.1e0.6,
P2O5 0.0e0.5, F 0.1e3.0
F65472 Ivoclar Vivadent AG,
Schaan, Liechtenstein
Citrate buffer
solution
(pH 4.99 (0.01))
Instant Mixture of 5-chrolo-2-methyl-
4-isothaizolin-3-one and
2-methyl-4-isothaizolin-
3-one (3:1)
OC553005 BDH Laboratory
Supplies, Poole, UK
100% Pineapple
juice (pH 3.62
(0.01))
Instant Pineapple juice 100 vol% 140807 Tipco Foods,
Bangkok, Thailand
Green mango juice
(pH 2.38 (0.02))
Prepared from
fresh green
mangoes
Green mango juice 100 vol% _ _
4% Acetic acid
(pH 2.45 (0.02))
Diluted from 100%
acetic acid
(in ppm)
Assay (alkalimetric), 99.8%;
acetaldehyde, 2;
acetic anhydride, 100;
phosphate, 0.4; heavy metal
(as Pb), 0.5; sulfate, 0.4;
As, 0.005; Al, 0.02; Au, 0.1;
B, 0.01; Ba, 0.005; Bi, 0.05;
Ca, 0.1; Cr, 0.01; Cu, 0.05;
Fe, 0.05; Ga, 0.02; K, 0.01;
Li, 0.05; Mg, 0.01; Na, 0.02;
Pt, 0.05; Sn, 0.01; Ti, 0.02;
V, 0.03; Zn, 0.05; Zr, 0.05
K32712763 347 Merck KgaA,
Darmstadt, Germany
wt%, weight percentage; vol%, volume percentage; ppm, part per million.
192 B. Kukiattrakoon et al.with a screw cap. Subsequently, the bottles were placed in
an incubator (model BE500, Memmert, Schwabach,
Germany), in which the temperature was increased until
the final temperatures were 37C for deionized water,
citrate buffer solution, green mango juice, and pineapple
juice and 80C for 4% acetic acid as modified from ISO
6872.27 The immersion time for all specimens was 168 h,
which simulated 22 years of immersion in artificial saliva at
22C.7 The immersion time used herein is comparable to
the clinical service lifetime of porcelain-fused-to-metal
restorations28,29 and was intended to demonstrate a longer-
term effect than previous studies.2e8 To reduce the risk of
contamination to specimens and the investigator, protec-
tive clothing, disposable polyvinyl gloves, and a face mask
were used during the experiments, which were performed
in a laminar flow hood (Labrum AB, Stockholm, Sweden).
Ions leaching from the solutions of all 10 specimens for
each storage agent were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) (OptimaTable 3 Firing schedules for the IPS d.SIGN porcelains in the p
Type of
firing
Starting temperature
(C)
Heating rate
(C/min)
Vacu
(C)
Dentine 403 60 450e
Glaze 403 60 450e3000 DV, Perkin Elmer, Norwalk, CT, USA), and the mean
and standard deviation (SD) were calculated. The ions
measured (and their ICP-OES detection limits in mg/L)30
were as follows: lithium (0.3), sodium (3), potassium (20),
magnesium (0.1), calcium (0.02), barium (0.1), yttrium
(0.3), titanium (0.5), chromium (2), manganese (0.4), zinc
(1), boron (1), aluminum (3), silicon (4), and phosphorus
(30). Calibration was performed with matrix-matched
standard solutions prepared from titrisol (Merck, Darm-
stadt, Germany) standard stock solutions. One specimen
was performed for 1-time analysis and then calculated from
the leached area of the specimens, resulting in leaching
values expressed in mg/cm2.
Surface-roughness measurements
Fifty porcelain disc specimens were divided into 5 groups of
10 specimens. Each group was subjected to surface-
roughness measurements for the baseline data (beforeresent study.
um temperature Firing temperature
(C)
Holding time
(min)
909 910 1
829 830 0
Porcelain immersed in acidic agents 193immersion). Specimens were then immersed in the storage
agents as described above. After the immersion sequence
was completed, specimens were rinsed with deionized
water, blot-dried, and subjected to surface-roughness
testing after immersion for 24, 96, and 168 h. Surface-
roughness determinations (4.0 mm in evaluated length)
were carried out with a profilometer (Surfcorder model SE-
2300, Kosaka Laboratory, Tokyo, Japan) with 4 mN of
driving force, a speed of the stylus of 0.5 mm/s, and
a cutoff of 0.8 mm. Five evaluations per specimen (1.5 mm
apart) were taken at each time interval (24, 96, and 168 h).
Four surface-roughness parameters were evaluated: Ra,
the arithmetic average of surface heights; Rmax, the
magnitude of the peak-to-valley height in all cutoff lengths;
Rz, the average height difference between the 10 highest
peaks and 10 lowest valleys within each cutoff length; and
Sm, the arithmetic average spacing between peaks at the
mean line over the cutoff length31 (Table 4).
Surface-topography analysis
To evaluate the effect of each immersion agent on the
surface topography, 3 porcelain specimens from each
solution after 24, 96, and 168 h of immersion were exam-
ined. Specimens were rinsed with distilled water for 5 min,
dried, and fixed onto an aluminum cylinder, 13 mm in
diameter and 10 mm high. Specimens were subsequentlyTable 4 Mean and standard deviation of the roughness paramet
in various storage agents for different times.
Roughness parameter Storage agent Time (hr)
Before imme
Ra (mm) Deionized water 0.25 (0.12)
Citrate buffer 0.26 (0.05)
Green mango juice 0.24 (0.08)
Pineapple juice 0.24 (0.05)
4% Acetic acid 0.25 (0.07)
Rmax (mm) Deionized water 7.87 (1.12)
Citrate buffer 7.75 (1.27)
Green mango juice 7.64 (1.21)
Pineapple juice 7.72 (1.05)
4% Acetic acid 7.84 (1.07)
Rz (mm) Deionized water 4.72 (1.18)
Citrate buffer 5.24 (1.11)
Green mango juice 4.83 (1.06)
Pineapple juice 4.68 (0.71)
4% Acetic acid 5.26 (1.07)
Sm (mm) Deionized water 0.28 (0.15)
Citrate buffer 0.28 (0.09)
Green mango juice 0.29 (0.08)
Pineapple juice 0.29 (0.07)
4% Acetic acid 0.28 (0.04)
Ra, the arithmetical average of surface heights; Rmax, the magnitude
height difference between the 10 highest peaks and 10 lowest valleys
between peaks at the mean line over the cutoff length.
*Indicates a significant difference compared to before immersion for
honest significant difference (HSD) test (P< 0.05).
y,z,xIndicate significant differences among the 5 storage agents for eachsputter-coated with a goldepalladium alloy (SPI-Module
sputter, SPI Supplies, West Chester, PA, USA) for 8 min,
resulting in a film thickness of about 100e300 nm. Speci-
mens were then examined by scanning electron microscopy
(SEM) (JSM-5800LV Scanning Microscope, JEOL, Tokyo,
Japan).
Statistical analysis
Data were statistically analyzed by a one-way repeated
analysis of variance (ANOVA). Each ion value (15 ions) and
each roughness parameter value (4 parameters) were
determined to assess the influence of different storage
agents on the ion-leaching values and surface-roughness
values after being immersed in the storage agents. To
compare among the 5 storage agents, Tukey’s honest
significant difference (HSD) multiple-comparison test was
used for each ion value (15 ions) and each roughness
parameter value (aZ 0.05).
Results
The pH values and SD of all storage agents except deionized
water are shown in Table 2. The green mango juice was the
most-acidic agent (pH 2.38 (0.02)), followed by acetic acid
(pH 2.45 (0.02)) and pineapple juice (pH 3.62 (0.01)). Theers (Ra, Rmax, Rz, and Sm) of IPS d.SIGN porcelains immersed
rsion 24 96 168
0.25 (0.13) 0.26 (0.12) 0.26 (0.15)x
0.26 (0.02) 0.31 (0.05)* 0.35 (0.08)*,z
0.28 (0.14) 0.32 (0.12)* 0.37 (0.09)*,z
0.25 (0.02) 0.27 (0.05) 0.32 (0.07)*,z
0.27 (0.11) 0.36 (0.09)* 0.42 (0.12)*,y
7.88 (1.96) 7.88 (1.89) 7.89 (1.57)x
8.12 (1.69) 9.98 (1.06)* 10.71 (1.15)*,z
8.47 (1.18) 10.21 (1.05)* 11.87 (1.19)*,z
8.15 (1.44) 9.94 (1.02)* 10.26 (1.15)*,z
9.11 (1.23) 10.94 (1.08)* 12.59 (1.02)*,y
4.70 (0.91) 4.71 (0.98) 4.71 (1.52)x
5.32 (1.22) 5.41 (0.92) 6.46 (1.02)*,z
4.91 (1.84) 6.03 (1.08)* 7.23 (1.16)*,z
4.70 (1.09) 4.72 (1.12) 6.73 (0.99)*,z
5.97 (1.12) 7.73 (1.05)* 9.93 (1.09)*,y
0.29 (0.11) 0.30 (0.11) 0.30 (0.13)z
0.30 (0.03) 0.31 (0.04) 0.32 (0.11)z
0.30 (0.02) 0.35 (0.08)* 0.36 (0.07)*,y
0.31 (0.01) 0.32 (0.02) 0.32 (0.05)z
0.30 (0.05) 0.35 (0.06)* 0.37 (0.05)*,y
of the peak-to-valley height in all cutoff lengths; Rz, the average
within each cutoff length; Sm, the arithmetical average spacing
each storage agent and parameter (in rows) according to Tukey’s
parameter (in columns) according to Tukey’s HSD test (P< 0.05).
Table 5 Mean ion leaching (mg/cm2) and standard deviations from IPS d.SIGN porcelains after immersion in various storage
agents for different times.
Storage agent Time (hr) Mean ion leaching (mg/cm2) (SD)
IA IIA
Li Na K Mg Ca Ba
Deionized
water
Before immersion 0.5
(0.1)
9.1
(0.4)
24.9
(3.8)
0 74.9
(4.8)
0.8
(0.7)
24 0.6
(0.1)
9.1
(0.5)
26.2
(2.9)
0 75.4
(2.1)
1.2
(0.3)
96 0.7
(0.1)
9.2
(0.3)
30.8*
(3.1)
0 76.9
(1.6)
2.2*
(0.5)
168 0.9*,z
(0.1)
9.2z
(0.7)
41.8*,x
(3.6)
1.3*,z
(0.2)
77.1
(1.3)
2.7*,k
(0.1)
Citrate
buffer
solution
Before immersion 0.4
(0.1)
60,841.2
(531.2)
1689.9
(98.9)
5796.8
(59.5)
95.1
(11.9)
8.8
(0.2)
24 1.4*
(0.5)
60,957.3
(472.3)
1708.8
(124.8)
5800.4
(92.6)
136.5*
(22.9)
9.5
(0.3)
96 2.6*
(0.3)
61,097.2
(358.6)
1730.6
(83.6)
5805.6
(89.5)
194.8*
(15.7)
10.3*
(0.5)
168 3.5*,z
(0.6)
61,172.8y
(752.9)
1743.7x
(53.5)
5812.9z
(53.5)
230.9*
(92.9)
12.0*,x
(0.5)
Mango juice Before immersion 0.9
(0.1)
20.1
(1.9)
1,174,394.5
(59,871.4)
43,546.2
(839.2)
54,993.5
(217.8)
35.8
(1.9)
24 2.8*
(0.1)
20.2
(1.5)
1,188,665.6
(50,619.6)
45,643.4
(967.0)
91,860.7*
(725.8)
36.9
(1.2)
96 3.3*
(0.1)
20.2
(0.9)
1,395,657.3*
(19,215.1)
50,238.4*
(529.6)
95,220.2*
(5096.5)
42.1*
(1.1)
168 4.7*,z
(0.3)
20.4z
(0.1)
1,526,385.6*,y
(28,912.4)
53,856.7*,y
(259.1)
101,257.8*
(263.9)
43.3*,y
(1.2)
Pineapple
juice
Before immersion 1.5
(0.2)
21.9
(1.8)
1,020,916.2
(34,986.5)
48,952.6
(1774.9)
28,891.1
(6308.1)
12.1
(2.3)
24 2.3*
(0.2)
22.1
(1.5)
1,152,851.3*
(34,729.6)
57,304.6*
(2334.5)
48,670.8*
(2767.3)
35.7*
(2.9)
96 2.9*
(0.2)
22.6
(0.9)
1,381,262.4*
(35,749.3)
63,090.2*
(532.9)
67,849.7*
(1852.1)
108.1*
(3.5)
168 3.4*,z
(0.1)
23.2z
(1.5)
1,416,316.7*,z
(34,233.8)
77,855.4*,y
(737.7)
70,040.3*
(355.5)
110.2*,z
(1.3)
4% Acetic
acid
Before immersion 0.4
(0.1)
22.3
(3.3)
181.3
(52.6)
65.7
(9.0)
369.4
(65.8)
17.9
(3.8)
24 24.9*
(1.6)
31.5*
(2.1)
1885.4*
(124.4)
72.7b
(1.5)
821.1*
(54.6)
129.5*
(12.7)
96 46.8*
(2.3)
45.7*
(2.3)
4863.6*
(948.3)
101.5*
(10.4)
993.6*
(45.7)
268.5*
(32.9)
168 55.4*,y
(4.4)
51.8*,z
(7.9)
9422.6*,x
(385.7)
121.1*,z
(9.5)
1031.1*
(115.7)
337.5*,z
(1.5)
Elements are ordered according to the division of the periodic system (IA, IIA, IIIB, IVB, VIB, VIIB, IIB, IIIA, IVA, and VA).*Indicates
a significant difference compared to before immersion for each ion and storage agent according to Tukey’s HSD test
(P< 0.05).y,z,x,k,{Indicate significant differences among the 5 storage agents for each ion according to Tukey’s HSD test
(P< 0.05).
194 B. Kukiattrakoon et al.citrate buffer solution had the highest pH value (pH 4.99
(0.01)).
For the surface-roughness analysis, the results of one-
way repeated ANOVA for each parameter (4 parameters)
revealed significant differences among the 5 storage agents
(P< 0.001 for all comparisons). Means (SD) of surface-
roughness parameters of the IPS d.SIGN porcelainsimmersed in storage media (Table 4) indicated increasing
roughness after immersion for longer times in all 4 acidic
solutions, compared to the control (deionized water). Ra
showed significant changes at 96 h in the citrate buffer
solution (PZ 0.003), green mango juice (PZ 0.001), and
4% acetic acid, and showed significant changes at 168 h
after being immersed in pineapple juice (PZ 0.002). Rmax
Mean ion leaching (mg/cm2) (SD)
IIIB IVB VIB VIIB IIB IIIA IVA VA
Y Ti Cr Mn Zn B Al Si P
0 0 0 0.8
(0.1)
36.3
(2.5)
18.1
(0.8)
0 17.3
(0.8)
0
0 0 0 0.9
(0.1)
40.6
(3.8)
18.1
(0.7)
0 23.7
(0.5)
0.6
(0.1)
0 0 0 1.1
(0.1)
56.6*
(1.3)
18.2
(0.6)
0 25.5
(0.9)
0.6
(0.1)
0z 0z 0{ 1.2z
(0.4)
57.2*,z
(1.8)
18.2x
(0.5)
3.4z
(0.8)
26.7x
(0.4)
0.6x
(0.0)
0 0 3.3
(0.1)
5.5
(0.1)
5.4
(0.3)
13.9
(0.2)
0 9.8
(3.3)
0
5.2*
(1.4)
1.1*
(0.2)
3.6
(0.2)
5.8
(0.1)
13.5*
(3.5)
16.1*
(0.6)
1.6*
(0.6)
45.8*
(2.1)
0.6*
(0.1)
10.2*
(1.1)
2.3*
(0.4)
3.7*
(0.2)
6.3*
(0.1)
47.13*
(9.4)
17.9*
(0.3)
16.8*
(0.5)
48.3*
(1.2)
0.7*
(0.1)
11.7*,z
(1.2)
3.3*,z
(0.7)
3.9*,x
(0.1)
6.9*,z
(0.2)
71.6*,z
(2.4)
18.3*,x
(0.8)
25.4*,z
(2.8)
51.4*,x
(2.3)
0.8*,x
(0.1)
0 0 2.9
(0.8)
849.7
(34.3)
36.9
(5.1)
289.5
(67.2)
46.7
(6.3)
2492.2
(376.3)
97,615.2
(2189.1)
27.3*
(1.7)
0 2.9
(0.7)
867.8
(34.3)
129.5*
(13.2)
362.5
(25.9)
75.6*
(9.4)
2552.2
(376.3)
98,443.0
(2412.5)
33.9*
(1.5)
0 3.1
(0.5)
973.6*
(24.9)
297.6*
(13.4)
373.6*
(12.6)
107.6*
(9.2)
3681.5*
(297.4)
98,392.10
(1964.7)
80.8*,z
(1.6)
0z 3.1z
(0.2)
1077.8*,y
(76.2)
598.6*,y
(24.9)
411.9*,z
(48.9)
152.8*,z
(48.1)
4129.4*,z
(135.5)
99,552.7z
(7726.9)
0 0 5.2
(0.6)
2589.7
(552.8)
39.5
(6.3)
349.2
(71.7)
38.9
(6.9)
9189.2
(1941.0)
389,269.8
(11201.2)
3.7*
(0.6)
0 5.3
(0.6)
5153.2*
(88.4)
45.8
(2.8)
589.4*
(41.9)
39.4
(5.1)
10,231.1
(451.6)
406,124.8
(6101.2)
8.1*
(0.5)
0 5.3
(0.6)
5416.9*
(71.9)
88.2*
(3.7)
608.9*
(37.4)
42.9
(8.2)
11,262.5*
(532.1)
421,671.8*
(9512.5)
10.6*,z
(1.3)
0z 7.1*,y
(0.5)
12,405.7*,z
(339.7)
97.6*,z
(11.9)
716.7*,y
(7.4)
50.8*,z
(1.5)
16,485.8*,y
(69.9)
452,519.2*,y
(29,620.1)
0.1
(0.1)
0 0 17.1
(5.5)
27.8
(9.9)
18.9
(1.7)
86.5
(6.6)
121.6
(7.6)
0
23.5*
(1.8)
29.7*
(2.5)
3.6*
(0.4)
21.8
(1.9)
636.4*
(191.4)
95.4*
(29.7)
1775.3*
(202.6)
1330.8*
(156.7)
995.7*
(295.8)
149.5*
(2.4)
68.4*
(1.9)
4.2*
(0.7)
22.3*
(2.1)
1082.4*
(154.3)
161.6*
(94.4)
2279.3*
(93.7)
4881.8*
(486.5)
1362.4*
(411.8)
1291.3*,y
(178.6)
497.6*,y
(4.8)
17.7*,k
(0.5)
24.9*,y
(1.7)
1378.4*,y
(119.6)
253.1*,y, z
(89.4)
5344.9*,y
(830.7)
5350.8*,z
(391.7)
1731.7*,x
(337.9)
Porcelain immersed in acidic agents 195showed changes at 96 h in all acidic agents (P< 0.001 for all
comparisons). Rz and Sm showed changes after 96 h of
exposure to mango juice (PZ 0.02) and 4% acetic acid
(PZ 0.03). Tukey’s HSD multiple-comparison tests deter-
mined significant differences for Ra, Rmax, and Rz in 4%
acetic acid from all other groups (P< 0.001 for all
comparisons) and for Sm in 4% acetic acid and green mango
juice from all other groups (P< 0.001). There were no
significant differences in Ra, Rmax, and Rz among the
citrate buffer solution, green mango juice, and pineapple
juice (P< 0.001 for all comparisons).The present study demonstrated that a large number of
elements with significantly different concentrations were
found to have leached from IPS d.SIGN porcelains after
immersion. The background values (before immersion) of
each storage agent used, reported in mg/cm2, generally
differed according to the type of agent (Table 5). The
control (deionized water) had few elements, and low values
were found when compared to other agents. For the citrate
buffer solution, the highest mean (SD) value found was
sodium (60,841.2 (531.2) mg/cm2), followed by magnesium
(5796.8 (59.5) mg/cm2). For green mango juice and
196 B. Kukiattrakoon et al.pineapple juice, potassium had the highest mean (SD)
values (1174.4 (59.9) and 1020.9 (35.0) mg/cm2, respec-
tively). Phosphorus was only found in green mango juice
(97,615.2 (2189.1) mg/cm2) and pineapple juice (389.3
(11.2) mg/cm2). For acetic acid, calcium had the highest
mean (SD) value (369.4 (65.8) mg/cm2), followed by potas-
sium (181.3 (52.6) mg/cm2); yttrium was only found with
this agent.
Ion-leaching results (mg/cm2) of fluorapatiteeleucite
porcelains immersed in storage agents as evaluated by ICP-
OES are presented in Tables 5. In general, after 168 h of
immersion in 5 storage agents, results of the one-way
repeated ANOVA for each ion (15 ions) revealed significant
differences among the 5 different storage agents (P< 0.001
for all comparisons). Each ion was significantly leached
from IPS d.SIGN at different times according to the type of
storage agent (P< 0.05). Titanium ions, which were not
found at the baseline with any storage agent, significantly
leached from IPS d.SIGN porcelains when immersed in
citrate buffer solution and 4% acetic acid (P< 0.001).
Tukey’s HSD multiple-comparison test revealed that there
were significant differences in all leached ions among the 5
storage agents (P< 0.001 for all comparisons) except
calcium ions (PZ 0.563).
The SEM photomicrographs of the IPS d.SIGN porcelains
before and after immersion (24, 96, and 168 h) are pre-
sented in Figs. 1e6. Before immersion (Fig. 1), the photo-
micrograph showed a dense surface, with small porosities.
After 168 h of immersion in the storage agents, the surface
was covered with numerous porosities (Figs. 3e6), even in
deionized-water specimens (Fig. 2). The largest defects
were found when IPS d.SIGN porcelains were immersed in
4% acetic acid (Fig. 6). The gradual degradation of spec-
imen surfaces was observed, and increased porosities cor-
responded to increased immersion times.
Discussion
The results of the present study support rejecting the null
hypothesis since IPS d.SIGN porcelains showed changes in
ion leaching and surface characteristics after 168 h ofFigure 1 Scanning electron microscopy (SEM) photomicro-
graph of IPS d.SIGN porcelains before immersion (magnification,
2000).immersion in various acidic agents. By increasing the
aggressiveness of the agent compared to intraoral condi-
tions, the speed of the degradation process was acceler-
ated. In the oral cavity, porcelain restorative materials
would be exposed to different environments. Two such
circumstances are changes in temperature and acid-
icebasic conditions of foods and drinks. Therefore,
porcelain materials used in the mouth should endure or
exhibit only small changes in such an environment. The
method used in the present study was solely erosion byFigure 2 SEM photomicrographs of IPS d.SIGN porcelains after
immersion in deionized water (magnification, 2000) for (A) 24,
(B) 96, and (C) 168 hr.
Figure 4 SEM photomicrographs of IPS d.SIGN porcelains
after immersion in green mango juice (magnification, 2000)
for (A) 24, (B) 96, and (C) 168 hr.
Figure 3 SEM photomicrographs of IPS d.SIGN porcelains
after immersion in a citrate buffer solution (magnification,
2000) for (A) 24, (B) 96, and (C) 168 hr.
Porcelain immersed in acidic agents 197static immersion of porcelain materials in solutions for
a period of 168 h. Subsequently, changes in the roughness
and ion leaching were detected. This study did not
examine the effects of attrition from chewing habits,
because complex conditions exist in the oral cavity which
are hard to simulate. Therefore, a long immersion time
was used as an alternative to exhibit the extensive effect
of acidic solutions.
In both dentistry and engineering, the most commonly
used roughness parameter is the Ra value.32 A limitationof the Ra value, however, is that it is 2-dimensional and
only gives information on the average roughness height. It
also gives no information at all on the profile of the
surface tested.31 To overcome this limitation, additional
roughness parameters, Rz, Rmax, and Sm, as well as
SEM photomicrographs, were used in the present study.
These provide qualitative values in 3 dimensions. The
combination of quantitative measurements and qualita-
tive data by microscopy provide clear characterization of
the surfaces evaluated.32e34 The results of roughness
Figure 5 SEM photomicrographs of IPS d.SIGN porcelains
after immersion in pineapple juice (magnification, 2000) for
(A) 24, (B) 96, and (C) 168 hr.
Figure 6 SEM photomicrographs of IPS d.SIGN porcelains
after immersion in 4% acetic acid (magnification, 2000) for
(A) 24, (B) 96, and (C) 168 hr.
198 B. Kukiattrakoon et al.parameter values in the present study clearly showed that
4% acetic acid caused a significantly rough surface on IPS
d.SIGN porcelains in all dimensions. The highest values of
Rmax and Rz showed the deepest valleys in the vertical
axis. The highest value of Sm presented the broadest
peak-to-peak distance in the horizontal aspect. This was
also observed on SEM photomicrographs (Fig. 6). Further-
more, roughness measurements obtained from relatively
short scans might not be representative of the entiresurface. Therefore, many measuring scans are required
when using a profilometer. Roughness values in the
present study of the porcelains tested were in agreement
with findings of other studies.32,33,35
The present study only showed that acidic agents
produced rough surfaces on fluorapatiteeleucite porce-
lains. Previous studies documented that increased surface
roughness of porcelains may reduce their strength.15,36
Moreover, the critical mean Ra value for adhesion and
Porcelain immersed in acidic agents 199colonization of bacteria on restorative materials was also
reported to be 0.2 mm,37 which is equivalent to results
found in the present study. Results of the present study
show that bacterial colonization and a decrease in strength
could occur on fluorapatiteeleucite porcelains, which
would result in clinical failure of porcelain restorations.
However, the present study did not evaluate this relation-
ship. Therefore, further studies are required to examine
this correlation.
In fact, there are many types of acids and other
components of sour fruits that can cause the chemical
erosive effects on dental materials to vary. Pineapples and
green mangoes are considered favorite sour fruits in some
countries. Citric, malic, ascorbic, and fumalic acids are the
major organic acids in mangoes. Citric and malic acids are
the major acids in pineapples.38 Citric acid was docu-
mented to be a harmful acid that can cause dental
erosion.24,26,39 In the present study, porcelain degradation
caused by acidic agents might have resulted from a low pH,
which corresponds to previous studies.2,3 Another possible
reason might have been due to the chelating effect of citric
acid.1 This phenomenon takes place by the complex binding
of citrate molecules (as chelating acids) to dissolved metal
ions from porcelains immersed in acidic agents, resulting in
greater ion dissolution and corrosion of porcelains to
maintain electrical neutrality.1 According to ISO 6872,
acetic acid was used for chemical stability testing.27
Although acetic acid is a weak organic acid, it degrades
porcelains due to its chelating effect,7 like citric acid. Also
according to ISO 6872,27 the chemical durability of the
porcelains was tested at a high temperature of 80C, which
in the present study demonstrated greater surface ion
leaching and surface destruction than the other acidic
agents tested.
The elemental compositions of each storage agent
(before immersion, Table 5) played important roles in
the accuracy and precision of the analytical results. The
elemental values differed according to types of storage
agents. In the present study, the standard deviations were
small, indicating well-controlled analytical procedures. The
surface ion leaching evaluated by ICP-OES largely corre-
sponded to information available from the manufacturer
(Table 2) and differed only in some details. Not all of the
elements declared in the list of compositions from the
manufacturer were detected in the ICP-OES results. Fluo-
ride, a component of fluorapatite, was not found in the ICP-
OES results of the present study. Yttrium was clearly
detected with all the acidic agents after immersion, even
though this element was not included in the manufacturer’s
information for the porcelains used. This circumstance may
be interpreted as an effect of specimen production or
evaporation of certain elements from the surface layer.
Another explanation could be the trapping of elements
within the bulk of the material, and their not being avail-
able for surface-localized leaching processes.1
The results of the present study revealed that after
immersion of all specimens in acidic agents including
deionized water, leaching of ions was observed based on
the ICP-OES analysis. Topographical changes by acidic
agents were also observed on SEM photomicrographs. This
leaching of ions is consistent with results of previous
studies.1,4 Corrosion of porcelains can be described by 2dominant mechanisms:2 the selective leaching of alkali ions
and dissolution of the silica network (SieOeSi) of porce-
lains. These mechanisms are controlled by the diffusion of
hydrogen ions or hydronium ions (H3O
þ) from the aqueous
solution into the porcelain and loss of alkali ions from the
porcelain surface to maintain electrical neutrality.2
Surprisingly, significant leaching of silicon ions was detec-
ted which does not agree with previous studies.1,4 Silicon
leaching might be the reason for the breakdown of SieOeSi
bonds, which could affect the entire porcelain structure.
Another possible explanation might be that leaching of the
more easily released ions, such as potassium and sodium,
created pores or channels within the glassy matrix, result-
ing in increased diffusion of molecular water and the
development of internal areas of localized SieOeSi bond
breakage.1 Additionally, it might result from the immersion
time used in this present study. The time period was longer
than that in previous studies.1,4 However, further studies
are required to confirm this observation.
As mentioned in Table 1, compared to the results from
the present study (comparative data are not shown),
leaching of any ion did not surpass the recommended daily
allowance or minimal risk level. For example, lithium ions
released in the range 0.4e55.0 mg/cm2 after 168 h of
immersion or 0.057.86 mg/cm2/day, which did not exceed
the therapeutic dose used (60e2100 mg/day).13 Hence,
leaching of lithium ions in the present study was not toxic,
which corresponds to results of a previous study (0.2e
16.2 mg/cm2/day).3 Aluminum ions were also released from
IPS d.SIGN porcelains in the range 0.48e751.2 mg/cm2/day.
Similar to lithium ions, this value of aluminum ions is not
toxic and did not exceed the minimal risk level (1.0 mg/kg/
day)10 or the therapeutic dose used (50e1000 mg/day).11
This shows that fluorapatiteeleucite porcelains can be
used for restorations. However, the cytotoxic effect of this
porcelain material should be confirmed in further studies.
In this in vitro study, the most significant finding was
that fluorapatiteeleucite porcelains can degrade in acidic
agents, foods, and drinks. However, there are some limi-
tations of the present study which should be considered.
The role of saliva was not taken into account.40 The effect
of acidic foods and drinks will be reduced by saliva due to
dilution effects and through the action of buffering
systems. Furthermore, the oral cavity has a more-complex
environment due to the presence of water, temperature
changes, and pH levels. These may also considerably affect
the properties of porcelain restorations. Therefore, further
studies are required to elaborate the effects of acidic
agents on this and other dental porcelains in vivo.
Within the limitations of this study, it was concluded
that the acidic agents evaluated affected ion leaching and
the surface degradation of fluorapatiteeleucite porcelains.
When using fluorapatiteeleucite porcelains to restore
eroded teeth, these factors should be considered.Acknowledgments
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